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Abstract 
Shields around core and blankets form major part of reactor assembly in fast reactors. Among the 
advanced shield materials considered for use in future FBRs,  planned to be constructed in India, Ferro-
boron is a cheap and indigenously available material.  This paper reports the results of experiments 
conducted in the south end neutron beam of KAMINI reactor on the fast, epithermal and thermal 
neutron flux attenuation behaviour of Ferro-boron with different percentages of boron as well as boron 
carbide. The attenuation factors were found over a thickness of 20-30 cm for the measured reaction rates 
of Pt195 (n,n’) Pt195m, Cd
111
 (n, n’) Cd
111m
, Rh103(n,n’) Rh103, In115 (n,n’) In115m, Hf180(n,n’)Hf180m, Cu63 
(n, ) Cu64, Na23 (n, ) Na24, Mn55 (n, ) Mn56 and Au197 (n, ) Au198  reactions representative of   fast, 
epithermal and thermal neutron fluxes. A comparative analysis with the neutron attenuation behaviour 
measured in boron carbide powder is also made.    
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1. Introduction 
    Reactor core shielding constitute an important part of fast reactor as sembly. Reduction of neutron 
flux to acceptable levels has always been a challenging problem.  An important objective of future FBR 
is improved economics and reduction of volume of shields. Ideal shield materials which absorb both 
fast and slow neutrons at equally high rates do not exist. A shield material which brings down the 
energy of neutrons by elastic and inelastic scattering along with absorption will be more effective. Ferro 
boron is identified as a promising shield material through literature survey and scoping calculations. 
The neutron spectrum at the south beam end of KAMINI reactor is fairly similar to the neutron spectra 
at the outer shield and sodium regions of PFBR[1].  So experiments were conducted in the south  beam 
end of KAMIN reactor to understand the effectiveness of prospective shield material Ferro-boron [2,3]  
as an in-core shield material for future FBRs. The experimental measurements are useful for further  
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comparison with other prospective shield and regular materials contemplated for use in outer sh ield 
regions in future FBRs. The Ferro boron contained 11.8% and 15% of boron. The   bulk density of both 
the samples is 3.8g/cm3. The experiment was conducted by stacking the Ferro boron filled in the five 
aluminium boxes in front of south end neutron beam. The various activation foils were fixed in between 
the boxes filled with Ferro boron at required distances. The foils become activated when subjected to 
neutron flux and the measurement of their activities from different locations provided information o n 
the neutron attenuation behaviour with respect to Ferro boron being used . 
2. Experimental Setup 
    In this experiment, five aluminium boxes of two different sizes such as 300 x 150 x50 mm and 300 x 
150 x 60   filled with Ferro boron were used. The Ferro boron contained 11.8% of boron. So the overall 
thickness of the shield model was 335 mm As shown in Fig.1, the boxes were stacked in the south end 
beam path with the help of a stand. In the first phase of experiments , irradiation of Indium, Gold, 
Manganese-Copper, Cadmium and Rhodium foils  were carried out. In the II phase foils such as 
Platinum, Manganese-Copper and NaCl pellets were used. A total of 30 foils were used for six different 
irradiation locations in the first phase of experiments. In the II phase 18 foils were used. Similar 
arrangements were also made, while doing experiments with Ferro boron of 15% boron and boron 
carbide powder[4]. In case of Ferro boron of 15% boron, 29 foils were used at six different locations in 
the first phase of experiments and 18 foils were used in the second phase. While using boron carbide 
powder only 4 shield containers were used. So the overall thickness of the shield model was 265mm. A 
total of 25 foils were used for five different irradiation locations in the first phase of experiments with 
B4C powder. In the II phase 10 foils and 10 pellets were used.  Individual foils were provided with 
identification numbers on the paper cover for easy identification during measurements. The foils were 
so selected that their combined sensitivities covered the energy spectrum from epithermal to fast 
neutron region. In both phases the first location was at the exit of the south end beam slit and at a 
distance of 50 mm from the slit. The second, third, fourth, fifth and sixth locations were at a distance of 
105mm (after 1st box), 175mm (after 2nd box), 245mm (after 3rd box), 315mm (after 4th box) and 385mm 
(after 5th box) respectively from the beam slit. The cleaned foils of known weights were sealed in the 
net-lawn covers and then were fitted in to the foil holder. The design of foil holders is to facilitate 
proper positioning of foils in the middle of the beam path.   
 
Fig. 1.Arrangement of Ferro-boron filled boxes and foil holders at south beam of KAMINI 
3.  Measurements 
    In the first phase of experiments with Ferro boron of 11.8% boron, the irradiation of the foils was 
carried out for two hours at reactor power of 25 kW. In the second phase of experiments the irradiation 
was done for one hour at the reactor power of 20 kW. While doing experiments with Ferro boron of 
15% boron as well as boron carbide powder, the irradiation of the foils was carried out for two hours at 
reactor power of 25 kW in both phases. Table 1 lists the foils used, nuclear reaction, half-life of product 
nucleus, threshold energies and gamma energies measured. After shut down of the reactor foils were  
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taken out after sufficient cooling for the gamma dose to die out completely in the surrounding  area. The 
surface gamma dose due to the irradiated foils of different positions was found to be < 50 mR/h.  The 
detector systems used for counting are the HPGe P-type coaxial detector and HPGe P-type planar 
detector. From the measured gamma energies, the net counts due to the energy peak of interest were 
noted. Rhodium and platinum foils were also counted in NaI (Tl) detector with anticoincidence 
shielding. All foils were counted after sufficient delay to have dead time errors < 3 %. By using the 
results of measurements (i.e. the net counts due to the energy peak of interest) the measured reaction 
rates [5] ( normalized with respect to weight, time of shutdown and dead time corrections   ) were 
calculated.  
Table 1. Neutron activation  characteristics of elements irradiated 
Foils/ Salt 
Used 
Element of 
interest 
Activation 
Reaction 
Threshold Neutron 
energy 
Half-Life of 
Product Nucleus 
Gamma energy 
Measured (keV) 
Au Au 
Au197 (n, ) Au198 ~0.025 eV, 4.906 eV 2.69 d 411 
MnSo4 Mn Mn55 (n, ) Mn56 ~0.025 eV, 337 eV 2.57 h 846.75 
Cu Cu Cu63 (n, ) Cu64 ~0.025 eV, 580 eV 12.8 h 511 
Nacl Na Na23 (n, ) Na24 ~0.025 eV, 1710 eV 15.06 h 1368.50 
Cd Cd Cd
111
 (n, n’) Cd
111m
 ~500-600 keV 48.6m 245.4 
In In In115 (n,n’) In115m ~1.2 MeV 4.5 h 336.23 
Rh Rh Rh103(n,n’) Rh103m ~600 keV 57 m 22 
Pt Pt Pt195 (n,n’) Pt195m ~500 keV 4.02 d 65.1, 66.8 
Hf Hf Hf180 (n,n’) Hf180m ~300-600 keV 5.5 h 215,332,443 
Ratios between measured reaction rates at 25 kW (with normalised time of  shut down, Weight and with 
dead time corrections) of different locations 
4. Conclusions  
    The attenuations between the measured reaction rates with respect to foils of different locations in 
cases of Ferro boron of 11.8% and 15% boron as well as boron carbide were obtained and shown in 
tables 2 & 2A. The reduction factors were obtained in the activation gold, manganese and copper 
represented thermal and epithermal flux attenuation where as Indium, Hafnium and Rhodium 
represented the fast neutron reduction and the reactions are threshold reactions. Backscattered 
contributions are seen for thermal and epithermal reaction rates. This is mainly due to reflection of 
neutrons, which increases the values of the thermal neutron fluxes at the last location. However effect 
of reflection on the threshold reaction rates of Indium and Rhodium are not appreciable. Fig.2, Fig.3 
and Fig.4 show the comparison between attenuations in Ferro boron of 11.8% as well as 15% boron and  
B4C powder  as a function of thickness for Au(n, γ), Mn(n, γ) and Cu(n, γ) reactions respectively. From 
the figures 2, 3 and 4 attenuation of Au(n, γ), Mn (n, γ) and Cu (n, γ ) over 20 cm of B4C is 
approximately 1.5 to 2.5 times more than Ferro boron. It should be noted that Ferro boron has only 
11.8% to 15% boron as compared to 78% boron in B4C. This shows the effectiveness of ferro boron. 
Fig.4, Fig.5 and Fig.6 also show the similar  comparison between attenuations in Ferro boron of 11.8% 
as well as 15% boron and  B4C powder  as a function of thickness for In(n,n’), Rh(n,n’)  and Hf(n,n’)  
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reactions respectively.  With regard to these reaction rates representing fast fluxes, the thickness of B4C 
and Ferro boron to achieve the same level of attenuation are more or less the same in the case of In, Rh 
and Hf up to a thickness of 26.5 cm. So these experimental measurements and analysis established 
Ferro boron as a promising indigenously available cheap alternative shield material for future FBRs. 
Table 2 
Thickness 
(cm) 
Attenuation w.r.to Au(n, γ) 
reaction 
Attenuation w.r.to Mn(n, γ) 
reaction 
Attenuation w.r.to Cu(n, γ)
reaction 
FeB 
(11.8%) 
FeB 
(15%) 
B4C FeB 
(11.8%) 
FeB 
(15%) 
B4C FeB 
(15%) 
B4C 
0 cm (L1/L1) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
5.5 cm (L1/L2) 73.83 88.43 158.96 55.57 74.82 180.08 31.09 43.45 
12.5 cm (L1/L3) 346.58 367.86 683.15 365.53 448.08 1161.61 113.46 190.09 
19.5 cm (L1/L4) 909.64 924.27 1647.25 1086.55 1235.38 2744.32 234.61 495.42 
26.5 cm (L1/L5) 1649.26 1711.89 426.29 2164.60 2185.26 759.77 530.71 277.36 
33.5 cm (L1/L6) 376.74 361.10 # 435.24 520.29 # 356.59 # 
 
Table 2A 
Thickness 
(cm) 
Attenuation w.r.to In(n,n’) 
reaction 
Attenuation w.r.to Rh(n, n’) 
reaction 
Attenuation w.r.to 
Hf(n, n’) reaction 
FeB 
(11.8%) 
FeB 
(15%) 
B4C FeB 
(11.8%) 
FeB 
(15%) 
B4C FeB 
(15%) 
B4C 
0 cm (L1/L1) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
5.5 cm (L1/L2) 1.43 1.38 1.54 1.42 1.65 2.01 20.55 23.48 
12.5 cm (L1/L3) 2.89 2.88 3.55 2.76 5.09 5.75 59.33 75.50 
19.5 cm (L1/L4) 6.63 6.81 8.98 10.12 12.46 9.99 152.08 206.45 
26.5 cm (L1/L5) 14.95 16.33 26.45 18.84 39.21 37.91 362.19 290.51 
33.5 cm (L1/L6) 39.92 42.91 # # # # 238.22 # 
# Measurements not done, L1,L2,L3,L4,L5,L6 Location numbers  
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Fig.2.Comparison between attenuations in B4C powder, 
ferro boron (11.8%) ferro boron (15%) as a function 
of thickness for Au(n, γ)   reactions 
Fig.3.Comparison between attenuations in B4C 
powder, ferro boron (11.8%) ferro boron (15%) as 
a function of thickness for Mn (n, γ)   reactions 
 
      
Fig.4.Comparison between attenuations in B4C powder 
and ferro boron (15%) as a function of thickness 
for Cu (n, γ)   reactions 
Fig.5.Comparison between attenuations in B4C powder 
ferro boron (11%) and ferro boron (15%) as a 
function of thickness for In (n, n’)   reactions 
  
Fig.6.Comparison between attenuations in B4C powder, 
ferro boron (11%) and ferro boron (15%) as a function 
of thickness for Rh (n, n’)   reactions 
Fig.7.Comparison between attenuations in B4C powder 
and ferro boron (15%) as a function of thickness for Hf 
(n, n’)   reactions 
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